A paucity of validated kinase targets in human multiple myeloma has delayed clinical deployment of kinase inhibitors in treatment strategies. We therefore conducted a kinome-wide small interfering RNA (siRNA) lethality study in myeloma tumor lines bearing common t(4;14), t(14;16), and t(11;14) translocations to identify critically vulnerable kinases in myeloma tumor cells without regard to preconceived mechanistic notions. Fifteen kinases were repeatedly vulnerable in myeloma cells, including AKT1, AK3L1, AURKA, AURKB, CDC2L1, CDK5R2, FES, FLT4, GAK, GRK6, HK1, PKN1, PLK1, SMG1, and TNK2. Whereas several kinases (PLK1, HK1) were equally vulnerable in epithelial cells, others and particularly G protein-coupled receptor kinase, GRK6, appeared selectively vulnerable in myeloma. GRK6 inhibition was lethal to 6 of 7 myeloma tumor lines but was tolerated in 7 of 7 human cell lines. GRK6 exhibits lymphoid-restricted expression, and from coimmunoprecipitation studies we demonstrate that expression in myeloma cells is regulated via direct association with the heat shock protein 90 (HSP90) chaperone. GRK6 silencing causes suppression of signal transducer and activator of transcription 3 (STAT3) phosphorylation associated with reduction in MCL1 levels and phosphorylation, illustrating a potent mechanism for the cytotoxicity of GRK6 inhibition in multiple myeloma (MM) tumor cells. As mice that lack GRK6 are healthy, inhibition of GRK6 represents a uniquely targeted novel therapeutic strategy in human multiple myeloma. (Blood. 2010;115:1594-1604) 
Introduction
The role of kinases in the propagation of myeloma cells has been established by studies examining vascular endothelial-derived growth factor receptor (VEGFR) kinase, 1 insulin-like growth factor 1 receptor, Janus kinase, 2 AKT, [3] [4] [5] [6] protein kinase C, 7, 8 Cdk4/6, 9 IB kinase ␤, 10 and fibroblast growth factor receptor 3 (FGFR3). [11] [12] [13] [14] Furthermore, overexpression of FGFR3 occurs in a subset of multiple myeloma tumors with t(4;14) translocation and mutants of this kinase are transforming in B cells. 11, 14, 15 However, less than 5% of cellular kinases have previously been examined for vulnerability in myeloma and clinically proven targets have not yet been identified. We therefore report the generation of a kinome-wide map of critically vulnerable kinases in myeloma cells, to provide impetus for kinase targeting in this malignancy.
Methods siRNA and shRNA
The human kinome siRNA library was purchased from QIAGEN. This set of prevalidated custom siRNA comprises duplexes verified to provide more than 70% knockdown of each target gene. For validation of myeloma survival kinases, we designed 2 additional custom siRNAs per kinase that were synthesized by QIAGEN. Lentiviral shRNA clones targeting kinases of interest and control lentiviruses expressing nonsilencing (NS) shRNA or green fluorescent protein (GFP) cDNA were from the Sigma Mission Library (Sigma-Aldrich). Lentiviruses were prepared by transfection of plasmid DNA into 293T cells 16 and were titered in parallel using a Quantiter Lentiviral p24 Titer Kit (Cellbiolabs).
siRNA transfection optimization and assay development
Transfection conditions for human myeloma or epithelial cell lines were individually optimized using commercially available cationic lipids. The functional transfection efficiency was determined by comparing viability phenotype after transfecting (1) a universally lethal positive control siRNA against ubiquitin B (UBBs1) or (2) negative control siRNA, including a nonsilencing scrambled siRNA or an siRNA against GFP. For reverse transfection in high-throughput format, negative and positive control siRNAs were printed on 96-well and 384-well plates. The influences of cell and reagent concentrations, growth media, percentage fetal bovine serum, time since passage, and presence of vehicle were assessed. Viability was determined at 96 hours by CellTitre-Glo luminescence (Promega) or by methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay. The best reagent and transfection conditions were those that produced the least reduction in cell viability with negative controls and greatest reduction with lethal UBBs1 siRNA. Optimized transfection conditions were separately derived for KMS11, INA6, JJN3, A549, and 293 cells such that specific modulation of viability with control siRNA was more than 90% and nonspecific toxicity was less than 10%.
High-throughput kinome siRNA screening
A total of 1278 siRNAs targeting 639 individual human kinase genes were preprinted on 384-well plates alongside staggered negative and positive control siRNA. Primary kinome screening experiments were conducted in duplicate on separate occasions for both KMS11 and INA6 cells. For each experiment, plates preloaded with siRNA and frozen were thawed at room temperature and 20 L/well-diluted Lipofectamine 2000 (KMS11; Invitrogen) or Dharmafect 3 (INA6; Dharmacon) solution was added. After 30 minutes, 1500 KMS11 or 1000 INA6 cells in 20 L of medium were added to each well. Cell viability was determined at 96 hours by CellTiter-Glo luminescence assay read on a BMG Polarstar machine using excitation 544-nm/emission 590-nm filters.
Identification of survival kinases
For survival kinase analyses, B-score normalization was applied to primary screening luminescence values as previously described [17] [18] [19] to eliminate plate-to-plate variability and well position effects.
Z-score normalization was used for secondary validation siRNA studies and was calculated as the difference in viability outcome between test siRNA and the mean of nonsilencing control siRNA, normalized to the distribution (standard deviation) of nonsilencing control siRNA replicates, as described. 17 Our B-or Z-scores each therefore reflect both the magnitude of lethality of an siRNA and the level of confidence that the siRNA's activity differs from that of inactive siRNA, measured in standard deviations from the latter. To ensure accurate interpretation of highthroughput screening data, primary screening results were parsed for random outlier data points with more than 3-fold discrepancy between duplicate runs, and the outlying result was excluded if it was substantially inconsistent with paired replicate data. As a consequence, results of 12 or 22 wells from 3840 per screen were excluded for KMS11 or INA6, respectively, representing less than 0.5% of results.
Defining survival kinase
From primary screening, we defined survival kinases as kinases targeted by siRNA that decreased myeloma cell viability by more than 3 standard deviations from cells treated with inactive siRNA. As the B-score was normalized to the standard deviation of results the probability due to chance of an siRNA causing a decrease in viability readout with B-score less than Ϫ3 was approximately less than 0.15%. To exclude the possibility of siRNA with biologic off-target effects contributing to our observations, we conducted secondary validation studies using multiple siRNA per kinase and defined validated survival kinases as those kinases whose inhibition was lethal to myeloma cells with concordant results from 3 or 4 of 4 unique siRNAs targeting them; kinases lethal with only 2 of 4 siRNAs targeting them were considered weak survival kinases and less validated targets that may include false-positive screening hits.
Selectivity of survival kinases: siRNA transfection of JJN3, A549, and 293 cells
To assess the selectivity of myeloma survival kinase vulnerability, JJN3, A549, and 293 cells were tested with short-listed kinase siRNA. Experimental transfection conditions were as follows: JJN3 cells, 10 4 /well, were transfected with 26nM siRNA using 0.6 L/well RNAiMax (Invitrogen); A549 cells, 8 ϫ 10 3 /well, were transfected with 40nM siRNA using 0.8 L/well Lipofectamine 2000; 293 cells, 8.5 ϫ 10 3 /well, were transfected with 30nM siRNA using 0.25 L/well Lipofectamine 2000. Secondary siRNA experiments were performed in duplicate and viability was determined at 96 hours. 13
Gene expression of survival kinases in human tissues and primary multiple myeloma tumors
Primary bone marrow samples from patients with multiple myeloma (MM), smoldering MM (SMM), or monoclonal gammopathy of uncertain significance (MGUS) were collected and processed for gene expression as described 20 ; CEL files are deposited on the Gene Expression Omnibus (GEO accession no. GSE 6477). All patient samples were obtained with Mayo Clinic institutional review board approval and patient consent in accordance with the Declaration of Helsinki. Expression data from other human somatic tissues were obtained from the Genomics Institute of the Novartis Research Foundation, SymAtlas. 21 Gene expression data were generated in all cases using Hg_U133A_2 microarrays (Affymetrix). Probe-set signal intensities were MAS5 transformed and flagged using Affymetrix Microarray Suite 5 (MAS5) present/absent/marginal detection calls. Data were analyzed using GeneSpring 7 (Agilent Technologies) software. To compare the expression of kinases in primary multiple myeloma samples versus other grouped human somatic tissues (excluding MGUS or SMM), 1-way Welch analysis of variance was performed (parametric ranking, with no assumption of equal variance) using Benjamini-Hochberg multiple testing correction (false discovery rate 0.05). In Figure 4 , data are shown normalized per chip to the median signal of genes expressed within each sample (genes with present detection call or raw signal Ͼ 200).
Survival kinase pathway analysis
Kinase functional assignment was derived from National Cancer Institute David (http://david.abcc.ncifcrf.gov) 22 and the literature. To investigate the distribution of survival kinases identified in myeloma cells with respect to biologic pathways, we subjected validated survival kinases to network analysis (MetaCore; GeneGo Inc) using a shortest path algorithm, limited to 2 steps (edges) between nodes.
Immunoblotting
Cells were washed in ice-cold phosphate-buffered saline and disintegrated in cell lysis buffer (Cell Signaling Technology). Extracts were centrifuged, quantified by bicinchoninic acid assay (Pierce), and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 10 g/ lane). Proteins were transferred to polyvinylidene fluoride and immunoblotted with antibodies specific for AURKA (no. AF3295; R&D Systems), PKN1 (no. ab36745; Abcam), GRK6 (no. ab38291; Abcam), FLAG (M2; Sigma-Aldrich), heat shock protein 90 (HSP90; no. 4874; Cell Signaling Technology), phospho-AKT (Ser473; no. 9271; Cell Signaling Technology), phospho-p44/42 mitogen-activated protein (MAP) kinase (extracellular signal-related kinase 1/2 [ERK1/2]; Thr202/Tyr204; no. 9101; Cell Signaling Technology), p44/42 MAPK kinase (no. 4695; Cell Signaling Technology), phospho-MAPK8 (also known as c-Jun N-terminal kinase 1 [JNK]), (Thr183/Tyr185; no. 9255; Cell Signaling Technology), phosphosignal transducer and activator of transcription 3 (STAT3; Tyr705; no. 9138; Cell Signaling Technology), STAT3 (sc-7179; Santa Cruz Biotechnology), ␣-tubulin, and ␤-actin (both from Cell Signaling Technology); signal was detected using Western Lighting Chemiluminescence Reagent Plus (PerkinElmer).
GRK6-shRNA lentiviral experiments
Three lentiviruses (LVs) targeting GRK6 were screened to identify shRNA that optimally suppressed the kinase; immunoblotting of KMS11 lysates 48 hours after infection was used to gauge suppression of GRK6 relative to ␤-actin. Viral shRNA sequences were distinct from GRK6 siRNA sequences used in primary screening. Equal titers of NS-shRNA, GFP cDNA, and GRK6-shRNA virus were used to infect cells. LV clone no. 66, which optimally suppressed GRK6, was used for subsequent experiments. GRK6 silencing was verified by immunoblotting at 48 hours; the same cultures were examined for cellular infection by GFP expression and for induction of apoptosis by flow cytometry. Apoptosis was assessed using annexin V reagent and 7-amino-actinomycin D (BD Biosciences).
3xFLAG-tagged GRK6 cell lines
The GRK6 open reading frame was amplified from Open Biosystems clone 4053197 (accession BC009277, BC009277.2, BF128454, BF127497, BF128454.1, BF127497.1) to introduce 5ЈNotI and 3ЈEcoRV sites and was cloned into p3xFLAG-Myc-CMV-26 (catalog no. E6401; Sigma-Aldrich) to encode a reading frame with features: N-Met-3xFlag tag-NotI linker(Leu-Ala-Ala)-GRK6. The GRK6 stop codon was maintained to prevent expression of the C-terminal Myc tag. The construct was subcloned into a modified lentiviral pWPIS1 vector and an IRES-eGFP cassette was introduced to report insert expression. Several resulting clones of plasmid pWPIS1-EF1a-N-Met-3xFLAG-(NotI)-GRK6A-(STOP)-(BamH1)-IRES-eGFP were sequence verified and screened for their ability to produce lentivirus, driving high-level 3xFLAG-GRK6 expression. KMS11 and OPM1 cells were then infected with optimum clones (nos. 2 and 11) and FACS sorted on days 7 and 16 by GFP expression to derive stable cell lines producing 3xFLAG-GRK6 plus IRES-eGFP from integrated lentivirus.
GRK6 complex isolation from KMS11 or OPM1 stable lines
The protocol is based on a previously reported procedure. 23 Approximately 10 9 cells (control and GRK6 stable cell lines) were harvested, washed, and immediately lysed on ice in solution containing Nonidet P-40 or Triton X-100 at 0.3% to 1%, 20mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid (pH 7.9), NaCl 150mM, 10mM KCl, 1mM ethylenediaminetetraacetic acid, glycerol 10%, fresh phenylmethylsulphonyl fluoride 1mM, and fresh protease inhibitors (Pierce; 100 L per 10 mL). Samples were centrifuged to remove nuclei and precleared of nonspecific binding proteins by incubation for 1 hour at 4°C with normal mouse immunoglobulin and protein G-sepharose. The resulting supernatants were used as cytoplasmic extracts for anti-FLAG immunoprecipitation. M2-sepharose beads (Sigma-Aldrich) were used to purify 3xFLAG-GRK6 complexes. GRK6 binding proteins were eluted and resolved by SDS-PAGE. Proteins were visualized by Simply Blue Coomassie stain (Pierce) and specific bands were identified by nanoscale liquid chromatography electrospray ionization tandem mass spectrometry (nanoLC-ESI-MS/MS).
Small-molecule GRK6 inhibitor studies
To assess GRK6 as a pharmaceutical target in myeloma, we tested the cytotoxic activity of small-molecule inhibitor GF109203X (Sigma-Aldrich) 24 against a spectrum of diverse human myeloma tumor lines and primary patient samples. Cell viability was determined at 72 hours by flow cytometry or by MTT (Sigma-Aldrich) assay, as described. 13 Cytotoxicity of GF109203X in myeloma and nonmyeloma cells was compared at the highest tested concentration (20M) by non-Gaussian nonparametric Mann-Whitney testing.
Results

Kinases that regulate multiple myeloma cell survival
A high-throughput systematic RNA interference (RNAi) approach was adopted to identify kinases that regulate myeloma cell proliferation or survival. KMS11 and INA6 human multiple myeloma cells were transfected separately with synthetic short interfering RNAs (siRNA) targeting each of the 639 known and putative kinases. JJN3 myeloma cells were used in secondary validation screens. These tumor lines were used for their genetic heterogeneity and are representative of t(4;14) (KMS11), t(14;16) (KMS11 and JJN3), and t(11;14) (INA6) myeloma variants (supplemental Table 1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). Primary screening was performed in duplicate using an 1800oligo siRNA library in a single-siRNA-per-well format. siRNAs were transfected at low concentration (13nM) to minimize off-target effects using conditions that resulted in transfection of more than 95% cells and less than 5% background cytotoxicity. After 96 hours, viability was measured by adenosine triphosphate-dependent luminescence ( Figure 1A -F). Kinases targeted by 1 or more siRNAs lethal or inhibitory to KMS11 or INA6 during primary screening were implicated as candidate survival kinases. Using a threshold B-score less than Ϫ3 for any single siRNA, representing a 3 standard deviation reduction in viability or proliferation, 88 kinases (14%) were identified as candidate survival kinases in KMS11 cells and 59 (9%) were identified in INA6 cells ( Figure 1G ), compared with a predicted rate due to chance of less than 3.5 kinases (0.5%) per tumor line. Our siRNA results were highly reproducible, with significant correlation between duplicate full-scale library assays, performed separately (R 2 ϭ 0.86 for KMS11; R 2 ϭ 0.58 for INA6; Figure 1C -D). However, as siRNA may cause silencing of more than 1 gene, the false discovery rate for candidate survival kinases implicated by a single siRNA is high. To eliminate false positives, candidate survival kinases were subjected to validation studies (see next section, "Secondary screening and validation of survival kinases"). Surprisingly, only 4% of kinases were implicated in the survival of both KMS11 and INA6 myeloma cells, reflecting the genetic heterogeneity of myeloma and the narrow spectrum of kinases on which the disease is universally dependent.
Secondary screening and validation of survival kinases
To validate genuine myeloma survival kinases, and to exclude kinases implicated by off-target siRNA effects, each short-listed kinase was tested with 4 unique siRNA: 2 in primary screening and 2 in secondary testing (Figure 2A ). Importantly, of candidate survival kinases advanced to secondary screening, 15 were repeatedly cytotoxic with 3 or 4 of 4 independent siRNAs directed against them, verifying their identification by on-target siRNA effects. Their discovery compares with a predicted rate due to chance of less than 1 kinase. Those kinases with concordant results from 3 or 4 of 4 lethal siRNAs were defined as myeloma survival kinases and are listed in Table 1 .
A further 25 kinases were inhibitory to KMS11 or INA6 with 2 independent siRNAs but were either insufficiently lethal to be advanced to secondary testing or yielded inconsistent results with the additional 2 siRNAs directed against them. These kinases therefore represent survival kinases on which myeloma cells are only partially dependent and/or less validated targets that may include false-positive screening hits. These partially validated myeloma survival kinases are listed in supplemental Table 2 and are not discussed further.
Our next quality control was a comparison of kinase siRNA lethality with kinase gene expression in KMS11 and INA6 cells to detect nonexpressed kinases implausibly identified as survival targets, and to look for bias against siRNA-based identification of vulnerability among highly expressed kinases ( Figure  2B ). All but 1 of the survival kinases identified with 2 or more concordant siRNAs in KMS11 were expressed (MAS5 signal Ͼ 150) in that tumor line supporting a credible survival role: expression of GRK4 was unsubstantiated and this kinase was Table 1 (and in supplemental Table 2) were each verified by concordant results from multiple lethal siRNAs and show nonrandom selection favoring expressed genes. No bias in the ability to detect highly expressed vulnerable kinases was evident.
To assess the extent to which our list of myeloma survival kinases may be vulnerable in, and portable to, other myeloma cells, we next prospectively tested the effect of silencing these in a third myeloma tumor line, JJN3 (Figure 3 ). Conspicuously, 90% of vulnerable kinases, identified from screening of KMS11 and INA6, were also vulnerable in JJN3 ( Figure 3A-B) . The lethality of kinase siRNAs in KMS11 and JJN3 cells was strikingly correlated (R 2 ϭ 0.73, supplemental Figure 1 ). Taking account of all 3 myeloma lines tested, the most vulnerable myeloma kinases include PLK1, HK1, TNK2, AURKB, AURKA, GRK6, PKN1, SMG1, GAK, and AKT1.
Vulnerable kinase networks in myeloma cells
We next subjected our sets of validated survival kinases to network analysis using a shortest path algorithm (MetaCore). Clustering of vulnerable kinases within GeneGo processes and an interactionlimited network (supplemental Figures 2-3) implicates VEGF, FGF, and interleukin-6 (IL6)/insulin-like growth factor 1 receptor signaling, acting via AKT1, c-Abl, and Janus kinase 1, as critical nonredundant pathways essential for KMS11 or INA6 cell proliferation or survival. KMS11 bears a t(4;14)(p16;q32) translocation that causes constitutive FGFR3 overexpression 11 ; and FGFR3, VEGF, and AKT1 have each previously been identified in myelomagenesis, 3,4,11,14,25 providing biologic validation of our high-throughput identification of survival kinases. More than half of the validated survival kinases potentially interacts within 2 steps of one another. The shortest-path network for these vulnerable kinases converges to influence cell-cycle checkpoints, particularly mitotic spindle formation via AURKA, AURKB, and PLK1 (supplemental Figure  2) . Consistent with this model, down-regulation of distal effector kinases in these pathways has greater lethal effect than downregulation of upstream kinases (Table 1 and supplemental Table 2 ).
Myeloma selectivity of survival kinases
To assess the specificity of myeloma kinome vulnerabilities, the effects of targeting these kinases in epithelial A549 (lung carcinoma) and 293 (embryonic kidney) cells was next determined (Figure 3C -D) and contrasted with the lethality observed in myeloma cells. Adequate transfection of these cells was first verified by control siRNA targeting UBB, which was lethal ( Figure  3C-D) . In addition, silencing of 2 representative kinases, AURKA and PKN1, was confirmed by immunoblot to be at least as effective in 293 and A549 cells as in KMS11 myeloma cells, confirming comparable transfection efficiencies ( Figure 3E-F) . Importantly, siRNA directed against most myeloma survival kinases had considerably less effect on the viability of 293 or A549 epithelial cells than on myeloma cells ( Figure 3A-D) , despite efficient transfection of 293 and A549. However, PLK1 was universally vulnerable in all 5 cell lines tested and HK1, AK3L1, PKN1, AKT, and AURKA were each vulnerable with concordant siRNA in A549 carcinoma cells, although appeared nonessential in 293 cells. The sensitivity of A549 carcinoma cells to AURKA silencing was less than that of KMS11, INA6, or JJN3 myeloma cells. Minimal effect on A549 or 293 viability was observed with siRNA against myeloma survival kinases TNK2, GRK6, FLT4, FES, or even AURKB, indicating that these kinases are not universally vulnerable in all cells. To further assess myeloma survival kinases for myelomaselective vulnerability, we next investigated their expression, across a broad range of human somatic tissues (n ϭ 101 samples, representing 51 tissues) and in primary patient MGUS and myeloma tumor (n ϭ 101) cells (supplemental Figure 4) to determine whether any are selectively expressed in plasma cells or myeloma, and absent from other tissues. Approximately 50% of kinases are expressed at statistically different levels in primary myeloma cells versus somatic tissues (P Ͻ .05). Of myeloma survival kinases, GRK6, PKN1, CDC2L1, and FGFR3 show selective expression in primary myeloma tumors, compared with nonlymphoid human somatic tissues, whereas HK1 expression is in contrast 10-to 100-fold lower in primary myeloma than in somatic tissues. Dysregulation of FGFR3 in approximately 15% of my-eloma tumors by t(4;14) translocation has previously been described. The differential expression of GRK6 in lymphoid tissues in general and myeloma in particular is striking. The intensity of expression of GRK6 in primary myeloma differs overtly from that in primary somatic tissues (P Ͻ .001; Figure 4 ). Moreover, present/ absent detection calls (generated by statistical comparison of paired matched-mismatched probes) for GRK6 indicate that GRK6 mRNA is undetectable by microarray in all nonhematopoietic primary somatic tissues tested, whereas in contrast it is ubiquitously detected in plasma cells and lymphoid tissues.
GRK6 is a novel kinase target in myeloma
As demonstrated, GRK6 inhibition is selectively lethal to KMS11, INA6, and JJN3 myeloma cells and has minimal effect on 293 or A549 epithelial cells. Furthermore, GRK6 is ubiquitously expressed in lymphoid tissues and myeloma, but by comparison appears absent or only weakly expressed in most primary human somatic tissues. Although not detected by gene expression array in nonlymphoid primary tissues, we find that GRK6 is expressed at high levels in a colorectal adenocarcinoma, and potentially activating missense mutations of GRK6 have been described in gastric carcinoma 26 and breast carcinoma 27 samples. Although GRK6 expression in primary somatic tissues has been reported, 28, 29 this is at scarcely detectable levels 30 and may reflect the presence of contaminating blood or lymphoid cells. Significantly, the invulnerability of somatic tissues to GRK6 inactivation is strongly substantiated by the murine GRK6 Ϫ/Ϫ phenotype, which is healthy and viable, 31 implicating GRK6 as a tolerable, druggable target in vivo. In contrast, other myeloma survival kinases have morbid null mutation phenotypes (supplemental Table 3 ).
Therefore, GRK6 is a promising therapeutic target in multiple myeloma and perhaps in other lymphoid tumors. To examine this possibility further, we first sought to rescue myeloma cells from GRK6-targeted siRNA, using a resistant GRK6 mRNA, to verify that GRK6 siRNA-induced lethality occurs via on-target GRK6 suppression and not via off-target effects. A KMS11-derived myeloma tumor line stably overexpressing lentivirus-integrated FLAG-tagged GRK6 was generated, and FLAG-GRK6 expression was assessed ( Figure 5A ). FLAG-GRK6-expressing cells, and control KMS11 infected with lentiviral backbone, were then transfected in parallel with a GRK6 3Ј untranslated region (UTR) siRNA that targets native GRK6 but that fails to target FLAG-GRK6 (as this lacks endogenous 3ЈUTR sequence; Figure 5B ). Suppression of native GRK6, but not FLAG-GRK6, by the 3ЈUTR siRNA was confirmed by quantitative reverse-transcriptionpolymerase chain reaction (QRT-PCR; Figure 5B right panel) . Persistent expression of FLAG-GRK6 rescued KMS11 cells from the lethal effect of the 3ЈUTR siRNA ( Figure 5B left panel) , but not from control siRNA targeting UBB, validating the identification of GRK6 as an essential myeloma survival kinase. This conclusion was further corroborated by concordant results using 4 different exon-based siRNAs demonstrating GRK6 silencing (by QRT-PCR) with resulting inhibition of KMS11 proliferation and viability (by flow cytometry and MTT assay; Figure 5C ).
We next sought to broaden our understanding of cellular vulnerability to GRK6 inhibition. To achieve GRK6 silencing in a broader range of cell types, and for longer duration, lentivirusdelivered shRNAs were used. Several lentiviruses producing shRNA targeting GRK6 were screened for induction of GRK6 silencing in several cell lines; of these, lentivirus GRK6-66 ( Figure  5D ) was the most efficient and was used for subsequent studies. Lentivirus GRK6-66 was engineered to express GFP and was then For personal use only. on July 30, 2017. by guest www.bloodjournal.org From used to assess the growth kinetics of GRK6-silenced myeloma cells, cultured alongside control cells similarly infected with lentivirus backbone ( Figure 5E ). OPM1 myeloma cells infected with lentivirus GRK6-66 expressing GRK6 shRNA were mixed 1:1 with OPM1 cells infected with a backbone lentivirus lacking GFP and expressing a nonsilencing (NS) shRNA. Serial monitoring of this mixed culture for GFP expression revealed progressive selec-tive loss of GRK6 silenced cells, despite the presence of healthy bystander cells, indicating that GRK6 silencing is directly inhibitory to myeloma cells, even if simple paracrine factors and cell-cell contact interactions are maintained.
The breadth of susceptibility of myeloma and human epithelial tumor lines to GRK6 inhibition was examined next. Using lentivirus GRK6-66, we induced GRK6 knockdown in a spectrum . Expression of selected myeloma survival kinases in primary multiple myeloma versus an atlas of nonhematopoietic human tissues. Histograms show the differential patterns of expression of myeloma survival kinases (GRK6, HK1, and FGFR3) and of control genes (CD138 and ␤-actin) in primary human somatic tissues (103 arrays), primary multiple myeloma tumor cells (115 arrays), and in early stage plasma cell disorders: monoclonal gammopathy of uncertain significant (MGUS) and smoldering multiple myeloma (SMM; data from SymAtlas, Novartis Research Foundation and from Mayo Clinic; GEO accession no. GSE 6477). Array-based gene expression data were normalized per chip (sample) to the median signal intensity of expressed genes (genes with present detection call and/or MAS5 signal intensity Ͼ 200); a value of 1.0 thus represents the median expression intensity of genes whose expression can be reliably detected within each sample type. of 5 human myeloma and 6 epithelial tumor lines ( Figure 5F and supplemental Figures 5-6 ). Conspicuously, lentiviral GRK6 shRNA induced extensive apoptosis in a variety of diverse multiple myeloma cell lines. In contrast, a control lentivirus delivering nonsilencing shRNA was nonlethal. Notably, GRK6 silencing in 3 myeloma tumor lines induced apoptosis in 1:1 proportion with cellular infection by lentivirus ( Figure 5G ), demonstrating extreme vulnerability of these cells to GRK6 inhibition, whereas in 2 other myeloma lines, GRK6 silencing caused more than 50% apoptosis within 96 hours. Instead, in epithelial cells, lentiviral infection and GRK6 shRNA were comparatively nontoxic, with median cytotoxicity 10% (Ϯ 15%) of infected cells. Thus, GRK6 inhibition is broadly lethal to myeloma tumor cells but appears tolerated in human epithelial cells, as in mice.
To further test this hypothesis, we next examined a semiselective pharmaceutical inhibitor of GRK6, GF109203X, for activity against a heterogeneous panel of myeloma and epithelial tumor lines as well as primary patient samples. GF109203X is an inhibitor of both protein kinase C and of GRK6 that causes near total inhibition of these kinases in vitro at distinct concentrations of transfection reagent and control or GRK6 3ЈUTR siRNA. GRK6 3ЈUTR siRNA induced native GRK6 mRNA suppression in control cells, but did not suppress 3xFLAG-GRK6 (which lacks GRK6 3Ј UTR sequence), as shown by QRT-PCR at 48 hours (right panel). The effect of GRK6 3Ј siRNA on KMS11 viability at 96 hours was assessed in parallel by MTT assay (left panel). Ectopic 3xFLAG-GRK6 rescues KMS11 from GRK6 3ЈUTR siRNA-induced lethality, verifying that the siRNA's lethality is due to on-target GRK6 silencing. Both KMS11 lentiviral lines were tested with NS and UBB siRNA, revealing equivalent transfection efficiency and minimal L2K toxicity. (C) The lethality of GRK6 silencing in KMS11 myeloma cells was further verified by 4 GRK6 siRNAs (GRK6-2, -9, -3, -C) that target GRK6 exons: after transfection of KMS11, GRK6 mRNA knockdown was assessed by QRT-PCR at 48 hours and viability was assessed by annexin V ϩ propidium iodide binding and by MTT assay (at 96 hours). Cellular inhibition was due largely to apoptosis. (D) Lentiviruses nos. 66 to 68 expressing distinct short hairpin RNA (shRNA) targeting GRK6 were screened for induction of GRK6 knockdown in KMS11 by immunoblot at 48 hours. LV no. 66 and no. 68 both induced GRK6 knockdown in contrast to no. 67 and control LV expressing nonsilencing (NS) shRNA. LV no. 66 induced similar suppression of GRK6 in MCF7 and SF767 cells. (E) OPM1 myeloma cells infected with GFP-expressing LV no. 66 were mixed 1:1 with OPM1 cells infected with control LV. Cells in which GRK6 was targeted by shRNA no. 66 were progressively eliminated from culture, as determined by serial flow cytometry for the GFP marker, despite the presence of healthy control OPM1, which became enriched. (F) Comparison of the effect of GRK6-shRNA no. 66 on the viability of myeloma (KMS11 and OPM1) and nonmyeloma (MCF7 and SF767) cell lines. Cells were infected in parallel with equal titer LV producing NS-shRNA, GRK6-shRNA no. 66, or GFP cDNA; percentage cellular infection was determined by GFP expression. Specific apoptosis induction by GRK6 silencing at 96 hours was determined by annexin V and 7-amino-actinomycin D binding, comparing control LV (producing NS-shRNA) with LV GRK6-shRNA no. 66. (G) The effect of GRK6 inhibition on cellular viability is summarized for a spectrum of human myeloma and nonmyeloma cells. Results were obtained as shown in panel F and are plotted as the GRK6-shRNA attributable apoptosis normalized to the percentage infection obtained with each cell line. Error bars are calculated from 5% absolute error in assessments of infection and apoptosis.
0.1M and 1 to 10M, respectively. 24 Notably, GF109203X was substantially cytotoxic to 10 of 14 myeloma tumor lines and to myeloma cells from patients at concentrations most consistent with GRK6 inhibition (5-20M), and was selectively more cytotoxic to myeloma tumor cells than to nonmyeloma cell lines (P ϭ .01; Figure 6 and supplemental Figure 7) , highlighting the potential of GRK6 as a pharmaceutical target for selective therapeutic intervention in myeloma.
GRK6 is regulated by HSP90 and promotes STAT3 phosphorylation and MCL1 expression in myeloma cells
Despite strong evidence for GRK6's influence on myeloma cell survival, the mechanistic basis of this effect was uncertain. Therefore, to clarify the molecular role of GRK6 in myeloma, we next attempted to define GRK6 binding protein(s) in myeloma cells. GRK6-containing protein complexes were isolated by affinity purification from human KMS11 cells, engineered to stably express a 3xFLAG-tagged version of GRK6, and then separated by SDS-PAGE ( Figure 7A) . A 90-kDa GRK6 binding protein was visualized by Coomassie staining and was subsequently identified as heat shock protein 90 (both HSP90A and HSP90B) by nanoscale liquid chromatography electrospray ionization tandem mass spectrometry (nanoLC-ESI-MS/MS).
Binding of HSP90 to a related kinase, GRK2, has previously been reported in HL60 cells 32 ; and in that setting HSP90 posttranslationally regulates GRK2 activity. 32 Suggestively, inhibitors of HSP90 cause growth arrest and apoptosis of myeloma cells, 33, 34 and this might in part be due to effects on GRK6 expression. To determine whether HSP90 influences GRK6 expression in myeloma tumor cells, we next treated 3xFLAG-GRK6-expressing KMS11 and OPM1 cells with a HSP90 inhibitor (geldanamycin), and then assayed for changes in GRK6 protein levels using an anti-FLAG antibody. HSP90 inhibition resulted in a rapid (Ͻ 24 hours) and potent decline in GRK6 levels that preceded cell death by several days (Figure 7B-C) . Therefore, HSP90 regulates GRK6 expression in myeloma and an early consequence of HSP90 inhibition is GRK6 suppression.
To further define the role of GRK6 in myeloma, we examined the effect of silencing this kinase on the activity of key signaling members of major myeloma survival pathways ( Figure 7D ). OPM1 cells were infected with lentivirus expressing either GRK6 shRNA, or a nontargeting shRNA, and the phospho-activation status of AKT, MAPK (ERK1/2), JNK, and STAT3 was determined 24 to 96 hours after virus exposure by immunoblotting. Strikingly, whereas GRK6 knockdown had little or no effect on AKT, JNK, or MAPK (ERK1/2) phosphorylation, particularly within the first 72 hours, GRK6 inhibition caused rapid (Ͻ 24 hours) and comprehensive loss of STAT3 tyrosine phosphorylation, conspicuously in step with GRK6 silencing. Phosphorylation of STAT3 at Tyr705 regulates its dimerization, nuclear translocation, and DNA binding. 35 Significantly, STAT3 is an oncogene 36, 37 that mediates many effects of IL6 on myeloma cells 38 and is expressed in an activated form in most primary myeloma tumors, 39 and in other major human cancers. 37 STAT3 pathway inhibition in myeloma causes both cellular apoptosis and sensitization to chemotherapeutics, 37, 40, 41 at least in part because STAT3 triggers up-regulation of Bcl-2 family protein Mcl-1, 42 which exerts a pivotal survival role. 43 Therefore, to test the hypothesis that GRK6 influences downstream MCL1 expression via STAT3, we examined the time course of MCL1 expression in cells exposed to GRK6 shRNA LV ( Figure 7D ). Importantly, GRK6 inhibition causes early suppression of STAT3 phosphorylation that is associated with early and sustained reduction in total MCL1 protein levels (within 24 hours), and late loss of MCL1 phosphorylation (at 72 hours and beyond), providing a potent mechanism for the cytotoxicity of GRK6 inhibition in myeloma tumor cells.
Discussion
Here, we present for the first time a "vulnerability" snapshot of the kinome in human multiple myeloma. Approximately half of the vulnerabilities identified concentrate within biologically relevant pathways. However, novel survival kinases with unknown function are also identified.
From our results, up to 15% of kinases promote myeloma cell survival. As expected, known survival kinase AKT1 was identified in our study as were nonredundant metaphase regulators PLK1, AURKA, AURKB, and CDC2L1, and nonredundant metabolic kinases HK1 and AK3L1. However, from a therapeutics perspective, such cell cyclerelated or metabolic kinases are likely to be vulnerable in other cell types and their inhibition may be associated with target-related toxicity in vivo, limiting "druggability" in patients.
To address the selectivity of myeloma kinome vulnerabilities, we pursued 3 avenues: first, we functionally examined myeloma survival kinases for vulnerability in epithelial cells; second, we looked for selective expression of vulnerable kinases in primary myeloma versus other tissues; and third, we examined previously reported null mutation phenotypes. From this experimental and informatics approach, we identified GRK6 as an effective and selective target for kinase inhibitor therapy in multiple myeloma.
Importantly, GRK6 is ubiquitously expressed in primary myeloma tumors, is lethal to myeloma cells on silencing, and can be Figure 6 . Cytotoxic effects of GF109203X, a dual inhibitor of protein kinase C (IC50, ϳ 0.1M) and of GRK6 (IC50, ϳ 1-10M), on myeloma cells versus nonmyeloma cells. (A) Cytotoxicity of 20M GFX109203X at 72 hours is summarized for a spectrum of human myeloma and nonmyeloma cells, with statistical comparison by Mann-Whitney test. (B) An illustrative example of selective cytotoxic effect of GF109203X versus primary myeloma cells in mixed culture. Primary bone marrow cells from myeloma patients were treated in culture with 1.25 to 20M GF109203X, or with dimethyl sulfoxide (DMSO) vehicle control. After 72 hours, samples were stained with CD138-fluorescein isothiocyanate to identify myeloma cells (bottom right population) versus other marrow cells (bottom left population) and propidium iodide to distinguish late-stage apoptotic cells. At high concentrations (reflective of GRK6 rather than protein kinase C effect), GF109203X induced selective cytotoxicity that was confined to the tumor cell population, evidenced by CD138 shedding and propidium iodide uptake. silenced in nonlymphoid human cells and in mice, without toxicity. GRK6 is highly expressed in myeloma cells via the chaperone HSP90, on which it is dependent, and GRK6 loss thus represents 1 potential mediator of HSP90 inhibitor effects. Significantly, GRK6 expression is required to maintain the activity of 2 key regulators of myeloma cell survival: STAT3 and MCL1, likely via phosphorylation of an unidentified upstream G protein-coupled receptor (GPCR). The classical example of STAT3 activation is via the interleukin/gp130 receptor, which is activated by IL6, however GPCR can also activate STAT3, via G protein subunits and small GTPases, [44] [45] [46] [47] [48] and regulation of this may represent the principal activity of GRK6 in myeloma. From the literature, GRK6 is known to target various GPCRs potentially relevant in myeloma, including EDNRB 49 and CXCR4. 50 One limitation of RNAi studies is the potential for off-target effects. To counter this, we rigorously validated each result using multiple independent siRNAs per target and extensively tested control nonsilencing RNAi alongside kinase-specific oligos. For GRK6, for example, we observed myeloma cell lethality with 6 different siRNAs or shRNAs and observed nonlethality in epithelial cells with 3 of the same oligos; we additionally rescued cells from GRK6 siRNA lethality by expression of a 3ЈUTR siRNA-resistant GRK6 cDNA.
A second limitation of siRNA studies is the difficulty of achieving gene silencing in primary cells. Conduct of this study using primary patient sample studies proved infeasible, despite considerable effort; therefore to maximize the relevance of our results to primary myeloma, we used heterogeneous tumor lines representative of several major genetic subtypes of myeloma in developing our results. We then used gene expression data from primary tumors to verify that kinases with phenotypic effects in myeloma cell lines are broadly expressed in primary myeloma cells from patients. A small-molecule inhibitor was used to verify the cytotoxic effect of GRK6 targeting in primary myeloma cells.
A final limitation of this work is the inability to confirm that all kinases were adequately silenced; false-negative results are possible. Therefore absence of a kinase from our results should not necessarily imply absence of function in myeloma.
Overall, this study provides a kinome-scale view of the role of individual kinases in myeloma tumor cell survival. Detailed elaboration of the mechanisms by which survival kinases such as GRK6 influence myeloma cell fate will enhance the understanding of oncogenic signaling in this disease. Furthermore, the molecular vulnerabilities identified here are potentially important targets for the development of kinase inhibitors for the treatment of multiple myeloma.
